Background/Aims: Doublecortin-like kinase 1 (DCLK1) is emerging as a tumor-specific stem cell marker in pancreatic cancer (PC). plays an important role in many types of tumors. However, the roles of DCLK1 in cancer and miRNAs that directly regulate DCLK1 have not been elucidated. The goal of this study is to assess the effects of miR-195 on inhibiting DCLK1 and to clarify the regulating mechanism of miR-195-DCLK1 in PC cells. Methods: The expression of DCLK1 protein and miR-195 in PC tissues and adjacent healthy pancreatic tissues was detected by Western blot and quantitative reverse transcription polymerase chain reaction (qRT-PCR), respectively and the correlation between overall survival of PC patients and expression of DCLK1 was measured by Kaplan-Meier analysis. Bioinformatics tools were used to identify the target gene of miR-195. Effects of miR-195 and DCLK1 on proliferation and cell cycle of PC cells were analyzed by MTT, colony formation assays and flow cytometry. Transwell and wound-healing experiments were employed to examine the cellular migration and invasion. A xenograft mouse model was also used to test the effects of miR-195 on tumor growth and metastasis in vivo. Results: The expression level of DCLK1 and miR-195 shows an inverse correlation in PC tissues and cell lines. A higher DCLK1 level is associated with higher TNM (tumor, node, and metastasis) stage, higher rate of lymph node metastasis, and poor survival. Luciferase reporter assay shows that miR-195 directly targets DCLK1. Overexpression of miR-195 inhibits proliferation, migration and invasion of PC cells, whereas downregulation of miR-195 has an opposite role. These actions were similar to the effects of knockdown and overexpression of DCLK1, respectively. Conclusions: These data suggest that miR-195 has tumor suppressor roles in PC by targeting DCLK1. pathway may provide insight into PC progression and represent a novel, promising diagnostic and therapeutic target for PC.
MicroRNA-195 Suppresses the Progression of Pancreatic Cancer by Targeting DCLK1

Introduction
Pancreatic cancer (PC) is a disease associated with high mortality, with a 5-year overall survival rate of less than 5% [1] because of its late presentation, early metastasis, and unresponsiveness to most treatment options [2] . Only 15% to 20% of PC tumors are resectable at the time of diagnosis. In a large proportion of patients with PC, locally advanced or metastatic disease is diagnosed at the time of presentation because PC usually causes no symptoms in its early stage [3, 4] . Nevertheless, PC responds poorly to both chemotherapy and radiation therapy [5] . Therefore, a better understanding of the molecular mechanisms underlying PC development will be useful to identify novel detection biomarkers and to improve current therapeutic strategies.
In our preliminary studies, through exome capture sequencing and bioinformatics analysis, we found that doublecortin-like kinase 1 (DCLK1) is a specific molecular candidate associated with PC metastasis [6] . DCLK1 is a microtubule-binding member of the calmodulindependent kinase family and is overexpressed in pancreatic intraepithelial lesions as well as surgical resection specimens of PC [7] [8] [9] . Previous studies have demonstrated the therapeutic effects of DCLK1 in cancer. Inhibiting DCLK1 with small interfering RNA (siRNA) suppresses epithelial-to-mesenchymal transition of PC cells through regulating important microRNAs (miRNAs) [8] . However, the functional role of miRNAs on targeting DCLK1 in PC has not been clarified.
A recent study has shown that deregulated expression of series miRNAs correlates with PC development [10] . Through the online tools and luciferase assay, we found that microRNA-195 (miR-195) directly targets DCLK1. is an important member of the miR-15a, -15b, -16, -195, and -497 families, which play an important role in the occurrence and developmental progress of many tumors and in regulation of malignant biological behaviors [11] [12] [13] [14] . Nevertheless, the role of miR-195 in PC development and especially the potential targets of this miRNA in PC cells remain unknown.
In this study, we found that DCLK1 exhibited a higher level, whereas miR-195 was significantly downregulated in human PC tissues and cell lines, in which DCLK1 and miR-195 have an inverse relationship. Both high level of DCLK1 and low level of miR-195 in PC tissues are associated with poor survival of patients with PC. We also clarified the effects of miR-195 on proliferation and metastasis of PC cells by using in vitro assays and animal models. Furthermore, we confirmed that miR-195 exerts its tumor suppressor effects by inhibiting DCLK1 in PC cells. Our findings highlight that miR-195 functions as a tumor suppressor in PC and implicate miR-195-DCLK1 as a potential diagnostic and therapeutic target for PC.
Materials and Methods
Patient tissue samples and PC cell lines
The human PC tissues and adjacent healthy pancreatic tissues were obtained from the Affiliated Hospital of Qingdao University and Qilu Hospital between January 2011 and May 2016 with patients' informed consent. The category of PC samples was confirmed by pathological analysis. The use of these samples was approved by the Clinical Research Ethics Committee of Qingdao University (Qingdao, People's Republic of China [PRC]). All samples were immediately snap-frozen in liquid nitrogen and stored at -80°C until used. None of the patients received chemotherapy or radiotherapy before the surgical excision. Five PC cell lines (BxPC-3, PANC-1, SW1990, MIAPaCa-2, and AsPC-1) and human normal pancreatic duct epithelial cells (HPDE6-C7) were purchased from the Tianjin Sai'er Biotechnology Co. Ltd (Tianjin, PRC).
Immunohistochemistry staining
Immunohistochemistry assay was performed by BenchMark XT automated slide-staining instrument (Ventana, Arizona, USA) with Ultraview Universal DAB Detection Kit (Ventana, Arizona, USA) after deparaffinization, rehydration, and antigen retrieval. After primary antibody incubation, the sections were incubated with anti-mouse horseradish peroxidase labeled polymer (Roche, Arizona, USA) for 30 min at room temperature, and then developed with diaminobenzidine. All slides were counterstained with hematoxylin. For DCLK1 staining, the reactivity assessed was cytoplasmic. All micrographs were taken with a Nikon microscope equipped with a digital color camera and software. The immunostaining was evaluated by a pathologist who was blinded to patient prognosis and clinicopathological outcomes.
Cell culture and transfection
All cells were grown in RPMI 1640 (GIBCO BRL, USA) supplemented with 10% fetal bovine serum (FBS), 100 IU/mL of penicillin, and 100 μg/mL of streptomycin, and incubated at 37°C in a humidified chamber supplemented with 5% CO 2 . Transfection was performed with Lipofectamine 2000 Reagent (Invitrogen) following the manufacturer's protocol. Spiked red fluorescent protein (RFP)-expressing vector was used to monitor transfection efficiency.
The predication of miRNA targeting gene
The miR-195 targets were predicted on the calculations of mirSVR scores by the computer-aided algorithms of PicTar and TargetScan Release 5.1.
Luciferase-reporter assay PANC-1 cells were cotransfected using 0.2 μg of luciferase reporter vector with a wild-type or mutant DCLK1 3′UTR) in 48-well plates and miR-195 mimics or mimics control. The assay was normalized with 0.05 μg of the RFP expression vector pDsRed2-N1 (Clontech, USA). The cells were lysed with RIPA lysis buffer (0.15 M NaCl, 0.05 M Tris/HCl pH 7.2, 1% Triton X-100, 0.1% SDS) 48 hours later. The luciferase activity and RFP intensity were detected with an F-4500 Fluorescence Spectrophotometer (Hitachi, Japan).
RNA isolation and quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA from cultured cells or surgical tissues was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. qRT-PCR was performed using the Allin-One™ miRNA qRT-PCR detection kit (GeneCopoeia, Rockville, MD, USA) for miR-195 and small nuclear RNA U6 as an endogenous control. The relative expression level of mRNA was detected by SYBR Green qRT-PCR assay (Bio-Rad Laboratories Inc, Hercules, CA, USA), and β-actin was used as an endogenous control. All qRT-PCR procedure was performed on an ABI 7500 thermocycler (Thermo Fisher Scientific, Waltham, MA, USA). Primers used were as follows: β-actin, 5′-AGTGTGACGTGGACATCCGCAAAG-3′ (forward), 5′-ATCCACATCTGCTGGAAGGTGGAC-3′ (reverse); DCLK1, 5′-CCAGCTCAGTTAATGGAAC-3′ (forward), 5′-GGACGCAAGTGACGTAGA-3′ (reverse). The specific primers for miR-195 (HmiRQP0376) and U6 (HmiRQP9001) were purchased from RiboBio (Guangzhou, PRC). The relative expression levels were calculated using the 2 -ΔΔct method.
Western blot analysis
Cells were lysed using the protein-extraction reagent radioimmunoprecipitation assay (GIBCO) supplemented with protease inhibitors. Then, approximately 50 μg protein extractions were subject to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, to the transfer onto nitrocellulose membranes (Millipore, Bedford, MA, USA), and incubated with specific primary antibodies against DCLK1 and GAPDH (Proteintech Group, Inc, PRC). Horseradish peroxidase-conjugated goat anti-rabbit IgG (Proteintech Group, Inc, PRC) and ECL detection systems (PerkinElmer, NEL100001EA, USA) were utilized to visualize the specific bands.
Construction of expression vectors
MiR-195 mimics, mimics control, miR-195 antisense oligonucleotides (miR-195 ASO), and ASO control were purchased from RiboBio. DCLK1-specific small interfering RNAs (siRNA-DCLK1) and the control small interfering RNAs (siRNA-control) were purchased from GeneChem (Shanghai, PRC). The coding sequence of DCLK1 was amplified and cloned into a pcDNA3.0 vector to generate DCLK1-expression vectors, and the empty pcDNA3.0 vector was used as control. Primers used for amplifying the DCLK1 coding sequence were 5′-GGAATTCCATGTCCTTCGGCAGAGAC-3′ (forward) and 5′-CGGATCCGTCACATCCTGGTTGCGTC-3′ (reverse). Cell proliferation assay MTT assay was performed to evaluate cell proliferation. Briefly, the PC cells were plated in 96-well plates with 5, 000 per well and were allowed to grow for 12, 24, and 48 hours. Then, the cells were assessed by a colorimetric assay using MTT solution (10 mg/mL) at 570 nm. All the experiments were performed three times.
Colony formation assay
The transfected PC cells were harvested and seeded at a density of 200 cells per well in 12-well plates and incubated at 37°C and 5% CO 2 in a humidified incubator for 2 weeks. During colony growth, the culture medium was replaced every 3 days. The colony number in each well was counted and calculated.
Cell-cycle analysis by flow cytometry
The cells were harvested by trypsinization, washed twice with cold phosphate buffered saline (PBS), and fixed in 70% ethanol overnight at 4°C. The fixed cells were then washed with cold PBS, resuspended in staining solution (50 μg/mL of propidium iodide, 1 mg/mL of RNase A, 0.1% Triton X-100 in PBS), and incubated for 30 minutes at 4°C. The stained cells were analyzed with a flow cytometer (Beckman Coulter Inc, Brea, CA, USA).
Cell migration and invasion assay
Cell migration was assessed by wound-healing assay. In brief, cells were seeded in 6-well plates and cultured to 100% confluence. Using a sterile pipette tip, wounds were generated and the cells were cultured for 48 hours. Then, wound closure was assessed by Scion Image software (Scion Corporation, USA).
Matrigel invasion chambers (Millipore, USA) were used to assess cell invasion ability. Briefly, 1 × 10 5 cells were seeded in the upper chamber with media containing 0.1% FBS, while the lower chamber was filled with media with 10% FBS. After incubation for 48 hours, noninvading cells were removed with cotton swabs, and cells that migrated through the membrane were fixed with 70% alcohol, stained with crystal violet and imaged, and counted under a microscope (Olympus, Japan).
Tumor xenograft study in vivo
Six-week-old male BALB/c nude mice were purchased from the Shanghai Institute for Biological Sciences (Shanghai, China). For subcutaneous xenograft, the stable miR-195-overexpression PANC-1 cells or control cells were inoculated subcutaneously in the right dorsal flank in the 7 pairs of mice with 4 × 10 6 cells per mouse. The length (L) and width (W) of the tumors were examined every 5 days with calipers and tumor volume was calculated using the formula: (L × W 2 )/2. On day 25, all mice were killed and the tumors were excised.
For detecting liver metastatic capacity, the stable miR-195-overexpression PANC-1 cells or control cells were injected into the spleen or the tail of the pancreas similarly as previously described [15, 16] . Briefly, mice were anesthetized by continuous inhalation of isoflurane, and the abdominal wall was opened. The pancreatic tail with the spleen was gently exteriorized. 3 × 10 6 stable miR-195-overexpression PANC-1 cells or control cells in 20 μL of 33% Matrigel (Becton Dickinson, NJ, USA) were injected into the spleen or the tail of the pancreas with a 25-gauge needle. After the pancreas was relocated into the abdominal cavity, the abdominal wall was closed with 5.0 absorbable sutures. Two months after PANC-1 cells inoculation, the experiment was terminated. The metastatic nodules in each liver were counted. The mice used in this experiment were maintained under specific pathogen-free conditions and handled in accordance with NIH Animal Care and Use Committee regulations.
Statistical analysis
Data are presented as the median ± standard deviation. Student t-test was performed to compare differences in two groups. Comparisons among multiple samples were made by the Statistical Analysis System software (v.9.1.3; SAS Institute, Cary, NC, USA). Correlation between DCLK1 / miR-195 expression and clinicopathological features was estimated by the chi-square test and Pearson correlation test. KaplanMeier plots were performed with SPSS version 23.0 (SPSS Inc., Chicago, IL). All statistical tests were twosided; P < 0.05 was considered statistically significant. Representative staining is shown in Fig.  1A . Meanwhile, we also examined the expression levels of DCLK1 protein in differently differentiated PC tissues and adjacent healthy pancreatic tissues using western blot analysis. DCLK1 protein level was significantly increased in differently differentiated tumor tissues compared with those in the nontumor adjacent tissues. However, its level showed no difference among the differently differentiated PC tissues (Fig. 1B ). The association between DCLK1 level and clinical parameters was shown in Table 1 . Patients with higher DCLK1 level had a higher TNM stage and a higher rate of lymph node metastasis compared with those with lower DCLK1 level. In addition, the high DCLK1 expression level was correlated with poorer prognosis (Fig. 1C) . These results indicate that DCLK1 may play a tumor-promoting effect in PC.
MiR-195 is downregulated in PC and negatively correlated with DCLK1 level, and low miR-195 indicates a poor clinical outcome
By qRT-PCR assay, we found that miR-195 level was significantly reduced in differently differentiated tumor tissues compared with that in the non-tumor adjacent tissues, and its level in the poorly differentiated PC tissues was lower than that in the well and moderately differentiated tissues ( Fig. 2A) . Moreover, we found that miR-195 exhibited a lower level in all the PC cell lines except AsPC-1 compared with the HPDE6-C7 normal PC cells (Fig.  2B) . MiR-195 also showed a negative correlation with DCLK1 level (Fig. 2C ) and lower miR-195 level is associated with higher TNM stage, higher rate of lymph node metastasis, and poorer prognosis (Table 2 and Fig. 2D ). These data suggest that decreased miR-195 may be associated with PC. 
MiR-195 directly inhibits DCLK1 expression
To expound the molecular mechanism underlying DCLK1 exerting its effects on PC cells, we predicted potential miRNA of DCLK1 using the TargetScan, miRanda, and PicTar online tools, and identified two conserved binding sites of miR-195 in the 3′ untranslated region (UTR) of the DCLK1 mRNA. We speculated that DCLK1 was a potential target for miR-195. To confirm this, we first conducted a luciferase reporter assay. A fragment of wild-type or mutant 3′ UTR of DCLK1 was cloned into the psiCheck-2 reporter vector (Fig. 3A) . Our results showed that miR-195 mimics significantly decreased the firefly luciferase activity of the vector with the wild-type 3′ UTR of DCLK1, but had no significant effect on the vector with the mutated 3′ UTR of DCLK1 (Fig. 3B) . Further, we detected the basic levels of DCLK1 mRNA and protein in the four PC cell lines including PANC-1, BxPC-3, SW1990, and AsPC-1. The results showed that DCLK1 mRNA and protein levels were significantly lower in AsPC-1 Fig. 3C and 3D ). These results demonstrated that miR-195 can directly inhibit DCLK1 expression by binding to its 3′ UTR in PC cells.
MiR-195 inhibits the proliferation, migration and invasion of PC cells in vitro and in vivo
To identify the effects of miR-195 on PC cells, miR-195 mimics or miR-195 ASO was transfected into PC cells to alter miR-195 level, and qRT-PCR confirmed miR-195's elevation in PANC-1 cells and its reduction in AsPC-1 cells (Fig. 4A) . As shown in Fig. 4B and 4C , overexpression of miR-195 was inhibited, whereas downregulation of miR-195 promoted the proliferation of AsPC-1 cells by MTT assay. Furthermore, the colony number of the in vitro cultured PC cells was negatively correlated with the expression level of miR-195 (Fig. 4D) . To reveal the mechanisms of miR-195 on suppressing the tumor, we analyzed the PC cell cycle ) (Fig. 4F  and 4G ). Collectively, these data suggest that miR-195 inhibits PC cell growth in vitro and in vivo.
The effects of miR-195 on PC cell invasion and migration were investigated by transwell and wound-healing assays. We found that overexpression of miR-195 significantly inhibited cell invasion and migration ability in PANC-1 cells. In contrast, after endogenous miR-195 was inhibited by miR-195 ASO, there was an obvious increase in invasion and migration ability of AsPC-1 cells (Fig. 4H and 4I ). More importantly, animal experiments showed that overexpression of miR-195 dramatically alleviated PANC-1 cells metastasis in vivo (Fig. 4J) . These results revealed that miR-195 suppresses PC cell migration, invasion, and metastasis. Cellular
MiR-195 performs its tumor suppressor role in PC cells by downregulating DCLK1
expression DCLK1 protein is involved in the growth, invasion, and metastasis of the PC cells [17, 18] . In this research, short hairpin RNA targeting DCLK1 mRNA (si-DCLK1) was exploited to specifically inhibit the expression of DCLK1 in miR-195 ASO treated AsPC-1 cells. The DCLK1/pcDNA3.0 vector was used to overexpress DCLK1 in miR-195 mimics treated PANC-1 cells. As shown in Fig. 5A , si-DCLK1 reduced the high DCLK1 protein level caused by miR-195 Discussion DCLK1 (formerly known as DCAMKL1) is a putative intestinal and pancreatic stem cell marker and is upregulated in the stroma and epithelium of PC. It has also recently been described as a marker of the relatively undefined tuft/brush cell in the intestine and pancreas [19, 20] . Some studies have shown that DCLK1 expression was detected at a high level in gastric cancer [21] , esophageal cancer [22] , and colorectal cancer [23] . We previously found a mutation of DCLK1 in PC tissues, especially in liver metastatic lesions, and a high DCLK1 expression level in PC tissues. In vitro studies indicated that DCLK1 might have promoting functional roles in PC cells [6] . This finding was confirmed by other studies. Ito et al. found that DCLK1 was overexpressed in the metastatic tumors in PC patients, and overexpression of DCLK1 promoted the migration of PC cells. Knockdown of DCLK1 profoundly suppressed in vivo liver metastasis of PC cells [17] . In this study, we discovered that DCLK1 is not only upregulated in PC tissues but also positively correlated with TNM stage, lymph node metastasis, and poorer prognosis of patients with PC. This means that the high expression of DCLK1 might be closely related to the progression and metastasis of PC.
The dysregulation of miRNA is implicated in the development and progression of practically all tumor types [24] . However, the function and mechanism of these deregulated miRNAs in various cancers including PC remain undefined. To date, various miRNAs (including miR-21, miR-34a, miR-155, and miR-29a) has been shown to be associated with tumor progression and overall survival in patients with PC [10, 25] . Most miRNAs are known to regulate target mRNAs by binding to the 3′ UTR of target genes in a posttranscriptional manner. Thus, establishing the interrelationship of miRNA and its target genes may help improve understanding of the molecular mechanism underlying cancer progression and provide potential therapeutic targets for the clinical treatment of cancers. Our study showed that the levels of DCLK1 mRNA and protein are both negatively regulated by miR-195 in PC cells. The direct targeting was further supported through luciferase reporter assay. These results indicate that miR-195 might influence the function of PC cells by targeting DCLK1.
Recently, compelling evidence has demonstrated that miR-195 is associated with the biological features of cancers, such as oncogenesis, development, and metastasis. miR-195 is frequently silenced or downregulated in many types of cancers, including prostate cancer [11] , non-small cell lung cancer [12] , hepatocellular cancer [14] , gastric cancer [26] , glioma [27] , osteosarcoma [28] , and colorectal cancer [29] . In these cancers, miR-195 usually has tumor-suppressive effects. In this study, we found that the expression level of miR-195 was low in PANC-1, BxPC-3, SW1990, and MIAPaCa-2 cells; however, it was high in AsPC-1 cells. This result suggested that the different expression level of miR-195 is related to the heterogeneity and complexity of PC cells.
It has been previously demonstrated that antigrowth signals prevent cell proliferation through two different mechanisms. Cells may enter the quiescent state (G0) and not participate in the active proliferative cycle; or cells may be induced to enter postmitotic states and lose the potential to differentiate [30] . In the current study, overexpression of miR-195 in PANC-1 cells may result in the activation of antigrowth signals, inducing cell cycle arrest at the G0/G1 phase and disturbance to the G1 to S phase transition. Furthermore, we found that overexpression of miR-195 suppressed the invasion and migration ability of PANC-1 cells, and downregulation of miR-195 resulted in the opposite phenomenon in AsPC-1 cells using transwell and wound-healing assays. In addition, we demonstrated that tumor growth However, some studies found that miR-195 increased in the circulation of breast cancer and chronic lymphocytic leukemia patients compared with those corresponding control subjects [31, 32] . In this research, we also observed that miR-195 expression significantly decreased in differently differentiated PC tissues and cell lines. But it is not downregulated in AsPC-1 cells, suggesting that the role of miR-195 in different PC cell lines is distinguishing. As a result, these data suggest that the roles of miR-195 might vary in different types of cancers.
In our analysis of clinical human PC tissues, the DCLK1 mRNA level was negatively correlated with miR-195 level. Our functional studies also revealed that the DCLK1 was positively correlated with cell proliferation, migration, and invasion of PC. Therefore, these results confirmed DCLK1 as a functional target of miR-195 in PC cells and validated the function of miR-195-DCLK1 interaction in the progression of PC.
To investigate the molecular mechanisms of miR-195 in inhibiting DCLK1 in PC cells, we analyzed the known proliferation-, invasion-and migration-related genes. It has been recently reported that activated p-ERK and p-p38 MAPK signaling pathways and E-cadherin take part in regulating proliferation, migration, and invasion of PANC-1 cells [33] . In addition, downregulation of vimentin suppresses the proliferation and invasion of PC cells in vitro and in vivo [34] . Oncogenic K-Ras enhances the malignant phenotype and the mitogen-activated protein kinase p38 was identified as a target to inhibit oncogenic K-Ras-induced pancreatic cancer cell migration [35] . Moreover, the expression of MMP-9, which was correlated with vascular invasion, lymph node invasion, liver metastases, and TNM stage, was increased in PC [36] . Thus, our discovery demonstrated that abnormal alteration of miR-195-DCLK1 interaction might occur through regulating p-ERK1/2, p-p38, p21, vimentin, E-cadherin, RhoA, and MMP-9, which contribute to the progression and metastasis of PC cells (Fig. 6B) .
Conclusion
In summary, our results revealed that miR-195 is significantly downregulated in PC and plays tumor suppressor roles in inhibiting the proliferation, migration, and invasion of PC cells by negatively regulating DCLK1. These data suggest that the miR-195 targeting DCLK1 pathway in tumor growth and metastasis may provide a novel possibility to diagnose and treat PC in the future.
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